Human retinoblastoma (Rb) protein, immunopuri®ed from an extract of recombinant baculovirus infected cells, stimulated 10 ± 100-fold the activity of DNA polymerase a from calf thymus or human HeLa cells. Puri®ed Rb protein is composed of two electrophoretically distinguishable forms, i.e., partially phosphorylated and under-phosphorylated forms. Dephosphorylation of Rb protein by protein phosphatase 2A largely diminished its stimulatory eect. On the other hand, a hyperphosphorylated Rb protein, obtained from insect cells overexpressing Rb protein, cyclin E and cyclin-dependent kinase 2 simultaneously, stimulated DNA polymerase a more strongly than the singly-expressed Rb protein.
Introduction
In eukaryotic cells, DNA replication is performed by the concerted action of plural DNA polymerases with their accessory proteins. Five dierent types of DNA polymerases designated DNA polymerase (pol) a, b, g, d, and e have been found in eukaryotes (Wang, 1991) . Although the mechanisms that regulate DNA replication are not yet fully understood, in vitro DNA replication assays of tumour viruses such as simian virus 40 (SV40) have provided a useful tool for this study (Kelly, 1988; Hurwitz et al., 1990) . SV40 DNA replication is accomplished by the replication machinery of the host cell with the assistance of single viral protein, large T antigen (Tag) (Stillman, 1989; Tsurimoto et al., 1990; Collins and Kelly, 1991; Murakami et al., 1992) , which unwinds the double strand at replication origin, thereby forming a preinitiation complex Dodson et al., 1987) . It has also been demonstrated that Tag can form a complex with pol a (Smale and Tjian, 1986; Dornreiter et al., 1990 Dornreiter et al., , 1992 and stimulates its activity (Collins and Kelly, 1991) .
Retinoblastoma susceptibility gene product (Rb protein) is one of the negative regulators of cell cycle progression by sequestrating the several transcription factors for cell proliferation genes, such as E2F (Bagchi et al., 1991; Chellappan et al., 1991) and UBF (Cavanaugh et al., 1995) . We have reported that immunopuri®ed Rb protein directly associates with Tag and inhibits its stimulatory activity against pol a , suggesting that Rb protein may participate in regulation of DNA replication through the direct interaction with cellular counterparts of Tag. We have also noticed that Rb protein alone sometimes stimulates the reaction of pol a to various extents depending on preparations . Since the immunopuri®ed Rb protein is heterogeneous in phosphorylation level (Wang et al., 1990; Savoysky et al., 1992) , these contradictory eects by Rb protein samples could be due to their dierent phosphorylation states. In this context, we further examined the eects of Rb protein on pol a activity with respect to its phosphorylation. Pol a, one of the chromosomal DNA replication enzymes, is thought to have a role in initiation of DNA synthesis on both leading and lagging strands (Wang, 1991; Waga and Stillman, 1994) . We have previously reported that several proteins such as factor T (Yoshida et al., 1989) , poly(ADP-ribose) polymerase , and nucleolar protein B23.1 (Takemura et al., 1994) stimulate pol a activity in vitro and suggested that protein-protein interaction may be important for posttranslational regulation of pol a activity. In this manuscript, we demonstrate the phosphorylationdependent stimulatory eect of Rb protein on pol a activity.
forms around the position of 110 kDa upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS ± PAGE). The lower band is more abundant that the upper one. The pattern is consistent with that reported by Wang et al., (1990) , who showed that the part of puri®ed recombinant protein is phosphorylated by endogenous kinases of insect cells. The treatment of puri®ed Rb protein with protein phosphatase 2A (PP2A) resulted in disappearence of upper band indicating that the puri®ed Rb protein consists of phosphorylated protein and underphosphorylated one (Figure 10b ). We further compared the phosphorylation level of puri®ed Rb protein with that of Rb protein of normal human ®broblast (NHF) and of Raji cells by an immunoblotting. As shown in Figure 1b , the phosphorylation level of the upper band of puri®ed Rb protein is less extensive than that of NHF which is growing logarithmically. Fast migrating form of puri®ed Rb protein migrates at the same position of that of NHF grown to con¯uence, suggesting that the puri®ed Rb protein is mainly composed of the partially phosphorylated and the underphosphorylated forms.
Rb protein stimulates pol a in a dose-dependent manner An immunopuri®ed pol a from calf thymus was mixed with puri®ed Rb protein, and then DNA synthesis reaction was carried out. In order to rule out the possibility that Rb protein might stabilize pol a in a nonspeci®c manner by raising the protein concentration, a saturating amount of bovine serum albumin (BSA) (100 mg/ml) was added to the reaction system. As shown in Figure 2a (left panel), recombinant Rb protein stimulated calf thymus pol a activity in a dosedependent manner. About 40-fold stimulation of pol a activity was observed after 60 min incubation at 378C at molar ratio of Rb/pol a=3/1. Raji Rb protein also immunopuri®ed calf thymus pol a and recombinant Rb protein were analysed by 10% and 7.5% SDS ± PAGE, respectively. Proteins were visualized by silver staining method. Puri®ed pol a was composed of four subunits (asterisks) which migrate at the position of 140, 73, 50 and 47 kDa upon SDS ± PAGE, respectively (Tamai et al., 1988) . (b) immunopuri®ed recombinant Rb protein was compared with under-or hyperphosphorylated Rb protein of normal human ®broblast (NHF). Puri®ed protein, crude extracts of NHF, and that of Raji cells were subjected to 7.5% SDS ± PAGE followed by immunodetection using anti-Rb protein monoclonal antibody (3H9 Figure 2b .
Stimulation of pol a is due to Rb protein itself
To con®rm that the stimulation is produced by Rb protein itself, two experiments were performed. First, the trypsin treatment of Rb protein diminished the stimulatory activity for pol a, indicating that stimulation is caused by a protein and not by the nonproteinous contaminants in Rb protein sample ( Figure  3a) . Second, an anti-Rb protein monoclonal antibody (3H9) completely adsorbed the stimulatory activity for pol a, indicating that stimulation is caused by Rb protein itself (Figure 3b ).
Rb protein speci®cally stimulates pol a
Pol a is a four subunits protein ( Figure 1a ) including smaller two subunits, which are responsible for DNA primase activity (Tamai et al., 1988) . Despite that pol a After addition of recombinant Rb protein (0.7 mg/ml), either one of DNA polymerases or primase was added with appropriate reaction mixtures, and assayed at 378C for 60 min as described in Materials and methods. Columns 1, 3, 5, and 7, activity without Rb protein; and columns 2, 4, 6, and 8, activity with Rb proteins, respectively. Onefold stimulation was 3.3 pmol for human (HeLa cell) pol a, and 6.3, 37, and 46 pmol for calf thymus pol a, calf thymus primase, and E. coli Klenow fragment, respectively. The data represent the means of three determinations+s.d. Phosphorylated pRb stimulates DNA polymerase a M Takemura et al activity was stimulated by Rb protein, the DNA primase activity was not aected by the addition of Rb protein ( Figure 4) . Similarly, the activity of Klenow fragment of E. coli DNA polymerase I was not aected by Rb protein under the same assay conditions for pol a (Figure 4 ). The stimulatory activity of human Rb protein was also observed not only with calf pol a but also human (HeLa cell) pol a ( Figure 4 ). Native Rb protein puri®ed from Raji cells also stimulated human pol a (data not shown).
The modest stimulation is observed using poly(dT)-oligo(rA) 10 and singly primed M13 phage DNA
A modest stimulation as much as fourfold was observed using poly(dT)-oligo(rA) 10 , an RNA-primed DNA template, but not with DNA-primed counterpart, poly(dT)-oligo(dA) 12 ± 18 ( Figure 5 ). The similar extent of stimulation was also observed with singly primed M13 phage DNA. The DNA product with M13 phage DNA was analysed on a sequencing gel. Larger 
Rb protein physically associates with pol a
The association of pol a with Rb protein in the cultured human cells was tested using an immunoprecipitation. Anti-pol a monoclonal antibody (MT-17)-conjugated Sepharose beads were incubated with Raji cell nuclear extract and immunocomplex was then subjected to SDS-PAGE, followed by immunodetection using anti-Rb protein antibody. It was clearly shown that Rb protein was co-immunoprecipitated with pol a using anti-pol a antibody, but not with control IgG or Sepharose alone (Figure 7 ), indicating that Rb protein associates with pol a in cell nuclei. Raji Rb protein consists of three distinguishable forms, under-, hyper-and intermediately phosphorylated Rb protein (Figure 1b) . In this experiment, all of three forms were immunoprecipitated, suggesting that both the phosphorylated and underphosphorylated Rb protein may exist in the same complex in vivo. Further, the direct interaction of Rb protein with pol a was tested with an anity column chromatography using an Rb protein-immobilized Sepharose. As shown in Figure 8 , pol a was adsorbed to the Rb protein-immobilized column and was eluted by 0.4 M 1 2
Rb protein Figure 7 Immunoprecipitation of Rb protein using anti-pol a antibody from Raji cell nuclear extract. Antibody-conjugated or no protein-conjugated Sepharose were added to Raji cell nuclear extract and incubated at 48C for 2 h. After centrifugation the immunoprecipitate was subjected to SDS ± PAGE followed by immunodetection using anti-Rb protein monoclonal antibody (3H9). Lanes 1 and 2, immunoprecipitation using anti-pol a monoclonal antibody (MT-17); lanes 3 and 4, control IgG [antiplant a-amylase inhibitor monoclonal antibody (Furuichi et al., 1993) ]; and lanes 5 and 6, no protein-conjugated Sepharose. Lanes 1, 3, and 5, Raji cell nuclear extract; and lanes 2, 4, and 6, immunoprecipitate from Raji cell nuclear extract. Immunoprecipitate using MT-17 involves three forms of Rb protein (asterisk) as shown in Figure 1b Pol a was eluted with 3.2 M MgCl 2 and eluted fractions were subjected to SDS ± PAGE followed by immunodetection of Rb protein (lanes 1 ± 6). As a control, Rb protein was also applied onto the pol a-untrapped MT17-Sepharose column and the same process was done (lanes 7 ± 12). (b) Eluted Rb protein was compared with puri®ed recombinant Rb protein on 7.5% SDS ± PAGE followed by immunodetection using anti-Rb protein antibody (3H9). Lane 1, puri®ed Rb protein; and lane 2, eluted Rb protein.
(c) The pol a activity of eluted fractions from pol a-trapped MT17-Sepharose column were assayed as described KCl, while it did not adsorb to the control (BSAimmobilized) column as measured by activity ( Figure  8a ). The polypeptide bands of pol a were detected in the active fractions by SDS ± PAGE (Figure 8b ). Under this condition, approximately 5% of the applied pol a was trapped on the Rb protein column (data not shown). Further, the puri®ed Rb protein could bind to pol a that had been trapped on an anti-pol a antibodySepharose column. The pol a-Rb protein complex was eluted by 3.2 M MgCl 2 from the column (Figure 9 ). These results indicate that Rb protein can directly bind pol a.
Dephosphorylation of Rb protein results in the decrease of pol a-stimulatory activity
The eect of phosphorylation of Rb protein on its pol a-stimulatory activity was examined by treating Rb protein with mammalian phosphatase, PP2A, which participates in dephosphorylation of Rb protein (Alberts et al., 1993) . Rb protein was incubated with puri®ed PP2A at 308C for a time indicated, and was assayed for stimulatory activity.
As shown in Figure 10a , the PP2A treatment caused the decrease of pol a-stimulatory activity. SDS ± PAGE revealed that the PP2A treatment resulted in disappearence of upper broad band (Figure 10b ). When PP2A was preincubated with okadaic acid, an inhibitor of PP2A, the suppression of stimulatory activity was decreased (Figure 10a ). Dose-dependent suppression of PP2A activity by okadaic acid was observed, but okadaic acid alone did not aect the pol a activity with or without Rb protein (data not shown). Since we used excess amount of PP2A for ecient dephosphorylation of Rb protein in this experiment, the suppression of decreased stimulation by okadaic acid may be only in part. Furthermore, preincubation of pol a with PP2A at 308C for 2 h (a and b) recombinant Rb protein was incubated with PP2A or PP2A pre-incubated with okadaic acid at 308C for a time indicated. Then a part (35 ng of Rb protein) was mixed with calf thymus pol a (0.35 units) to measure the stimulatory activity at 378C for 60 min (a), and another was subjected to 7.5% SDS ± PAGE followed by silver staining (b). &, pol a activity by adding Rb protein; *, pol a activity by adding Rb protein treated with PP2A which was pre-incubated with okadaic acid; and *, pol a activity by adding Rb protein treated with PP2A, respectively. One-hundred percentages corresponds to 676 pmol of dNMP incorporated in 60 min and to 25-fold stimulation. The data represent the means of triplicate samples, which are reproducible in two separate repeats of the experiments. (c) dephosphorylation of Rb protein also decreased its stimulatory activity against PP2A-treated pol a. Calf thymus pol a (5 units) was incubated with PP2A at 308C for 2 h. Then a parts (0.5 units) was mixed with Rb protein to measure the stimulatory activity at 378C for 20 min. Pol a or Rb protein indicated with asterisk was treated with PP2A at 308C for 2 h. The data represent the means of three determinations+s.d.
Rb protein
1 2 a b Figure 11 Eect of phosphorylation of Rb protein by overexpressed cdk2/cyclin E. (a) electrophoretic pro®les of puri®ed Rb protein and that phosphorylated by cdk2/cyclin E. Lane 1, puri®ed Rb protein normally overexpressed; and lane 2, puri®ed Rb protein co-expressed with cdk2/cyclin E. Puri®ed proteins were subjected to 7.5% SDS ± PAGE followed by silver staining.
(b) stimulation of pol a by puri®ed Rb proteins. Calf thymus pol a (0.28 units) activity was assayed as described in Materials and methods, after addition of various concentrations of puri®ed recombinant Rb proteins. The data represent the means of triplicate samples, and of two independent experiments abolished neither the activity of pol a nor its stimulation by Rb protein, although the stimulation by Rb protein decreased slightly presumably due to PP2A that was carried over from preincubation ( Figure 10c ). Under the same conditions, pretreatment of Rb protein abolished its stimulatory activity almost completely (Figure 10c ). These results suggest that the phosphorylated form of Rb protein is mainly responsible for the pol a-stimulatory activity.
Further phosphorylation of Rb protein by cdk2/cyclin E results in the increase of pol a-stimulatory activity
To obtain the hyper-phosphorylated Rb protein, triple infection of Sf9 cells with baculoviruses encoding Rb protein, cyclin-dependent kinase 2 (cdk2), and cyclin E was performed. Expressed Rb protein was immunopuri®ed by the same way as for the singly expressed Rb protein. Highly phosphorylated Rb protein, which migrate at a slower rate than the singly expressed one, was obtained ( Figure 11a ). As shown in Figure  10b , cdk2/cyclin E-phosphorylated Rb protein also stimulated the pol a activity. This stimulation was obviously higher than that of singly expressed ( Figure  11b ). This result also supports that the stimulation is dependent on the phosphorylation of Rb protein.
Discussion
We have shown that the immunopuri®ed Rb protein stimulates pol a activity, and dephosphorylation of Rb protein by PP2A results in decrease of its pol astimulatory activity. Further phosphorylation of Rb protein by co-infection of baculoviruses encoding cdk2 and cyclin E respectively results in increase of its pol a-stimulatory activity. Therefore, phosphorylated form of Rb protein may be responsible for the stimulation of pol a. We also puri®ed the phosphorylated Rb protein to near homogeneity from Raji cells, a human Burkitt lymphoma cell line. The Raji Rb protein also stimulated pol a, indicating that the stimulation is not peculiar to the phosphorylation in insect cells. The activity of cdk2 associated with cyclin E increases at the G 1 /S boundary and phosphorylates Rb protein in vivo as well as in vitro (Hinds et al., 1992; Ko et al., 1992; Dulic et al., 1992; Ohtsubo et al., 1995; Kitagawa et al., 1996) . Our result that cdk2-cyclin E enhances the stimulatory activity of Rb protein is in accordance with the chronological events in cell cycle. The direct physical protein-protein interaction between Rb protein and pol a was proved by two anity column chromatography (Figures 8 and  9 ). However, both phosphorylated and underphosphorylated Rb protein could bound pol a (Figures 7  and 9 ). On the other hand, the treatment of Rbimmobilized column used in Figure 8 with potato acid phosphatase which dephosphorylates Rb protein eciently did not aect its binding activity to pol a (data not shown). These results indicate that the binding of Rb protein to pol a may not directly correspond with its stimulatory activity. Instead, the stimulation might be a result of modi®cation of a large complex containing pol a and Rb protein, by phosphorylation of a part of Rb protein.
The stimulation was observed when poly(dT)-oligo(rA) was used as a template-primer but not when poly(dT)-oligo(dA) was used ( Figure 5 ). This suggests that partially phosphorylated Rb protein may be involved in the initiation step of nascent DNA synthesis, which employ RNA primer as an initiator. Although pol a recognizes the RNA primer and carries out the subsequent short DNA synthesis in vivo, the pol a fractions have high activity using activated DNA, a DNA-primed DNA-templates, in vitro. In fact, the pol astimulatory activity of phosphorylated Rb protein is most remarkable when activated DNA is used as a template-primer. The stimulation was also observed when singly primed M13 phage DNA as a templateprimer ( Figure 6 ). Rb protein signi®cantly enlarged the average polymerization product sizes indicating that Rb protein stimulates pol a activity through raising its processivity (Figure 6b ). In this assay system, the optimal concentration of Rb protein is much lower than that using activated DNA as a template-primer (Figures 2 and 6 ). This may re¯ect the dierent amount of template-primer. Therefore, the involvement of DNAbinding activity of Rb protein (Lee et al., 1987) in the stimulation can not be completely ruled out. It was noted that the stimulation was much higher in Tris-HCl buer than in potassium phosphate buer in which pol a exhibit maximal activity (data not shown) using activated DNA as a template-primer, as was observed with the factor T, one of the stimulation factors of pol a (Yoshida et al., 1989) . It was suggested that the status of pol a in Tris-HCl buer dier from that in potassium phosphate buer, and that phosphorylated Rb protein modulates pol a from less active conformation to its fully active form. More detailed characteristics of stimulation remain to be elucidated. The eect on the other a-family DNA polymerases, pol d and pol e, are now in progress.
It is tempting to speculate that pol a is activated by the phosphorylated Rb protein, one of ultimate targets of G 1 cyclin-dependent protein kinase in the beginning of S phase. In cell cycle progression, the underphosphorylated Rb protein suppresses the transcription by sequestrating E2Fs in G 0 /G 1 phase, and phosphorylated Rb protein may support DNA replication in S phase. However, Rb-decient cancer cells can grow without intact Rb gene (Cavenee et al., 1983; Friend et al., 1986; Harbour et al., 1988; Lee et al., 1988; T'Ang et al., 1988; Yokota et al., 1988; Horowitz et al., 1989) . Furthermore, a knock-out mice targeted to Rb gene was shown to be able to develop into early stage of embryo (Lee et al., 1992; Jacks et al., 1992; Clarke et al., 1992) . In these cells, other member of Rb family e.g., p130 or p107, might compensate the functions of Rb protein in the regulation of both transcription and replication (Amin et al., 1994) .
Pol a has been shown to exist in mammalian cells throughout cell cycle (Nakamura et al., 1984) , but is supposed to be active only in S phase. Our experiments described here may mimic the active/inactive conversion of pol a during cell cycle. Recently, Lee et al. (1994) proposed`corral' hypothesis that Rb protein may sequesters several transcription factors such as E2F by forming`corral' structure. In their hypothesis, phosphorylated Rb`corral' may release these proteins resulting in cell cycle progression. From the view point of DNA replication, the Rb`corral' might provide a suitable microenvironment for pol a activity after the phosphorylation of Rb protein.
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Materials and methods

Cell culture and harvest
Normal human ®broblast (NHF) were grown as monolayer cultures on 100 mm dish (FALCON) in Dulbecco's modi®ed eagle medium (DMEM) containing penicillin (100 U/ml) and kanamycin (60 mg/ml) supplemented with 10% fetal calf serum (FCS). Grown cells to con¯uence or logarithmically growing cells were trypsinized and harvested. Cell pellets were washed three times with PBS and subjected to 7.5% SDS ± PAGE (Laemmli, 1970) followed by immunodetection using anti-Rb protein monoclonal antibody (3H9).
Immunoanity puri®cation of calf thymus pol a
Pol a-primase complex was puri®ed from calf thymus extract by a Sepharose column conjugated with monoclonal antibody (MT-17) directed against calf thymus pol a as described previously (Tamai et al., 1988; Simbulan et al., 1993) . Puri®ed pol a showed the speci®c activity of 20 000 ± 30 000 units/mg. One unit corresponds to 1 nmol of deoxynucleotides incorporated in 1 h under the conditions described (DNA polymerases and primase assays) except for potassium phosphate buer (pH 7.2) was used instead of Tris-HCl buer (pH 7.5).
Immunoanity puri®cation of human pol a
HeLa cells (10 g) were homogenized in buer A (20 mM Tris-HCl, pH 7.5 containing 10 mM 2-mercaptoethanol, 10 mM EDTA, 1 mM sodium bisul®te, 1 mM benzamidine, 0.01% Nonidet P-40, 10% glycerol and 0.5 mM PMSF) containing 0.2 M KCl using Te¯on-glass homogenizer (20 strokes). Extract was then centrifuged at 50 000 g for 15 min and the supernatant, diluted with an equal volume of buer A, was applied to phosphocellulose (P1-cellulose, Whatman) column. The pol a adsorbed to the column was then eluted with 0.8 M KCl in buer A. The active fraction was applied to the anti-pol a monoclonal antibody (MT-17)-Sepharose column. The pol a was eluted with 20% ethylene glycol and with successive 3 M MgCl 2 in buer A. The 3 M MgCl 2 fraction was dialyzed against buer A containing 0.1 M KCl and then applied to Mono Q column in buer A containing 0.1 M KCl using FPLC system (Pharmacia). After the column was washed with buer A containing 0.1 M KCl, pol a was eluted by linear salt gradient (0.1 ± 0.5 M KCl in buer A). The active fractions were pooled, dialyzed and stored as described previously (Tamai et al., 1988; Simbulan et al., 1993) .
Immunoanity puri®cation of human recombinant Rb protein
Rb protein was puri®ed using recombinant baculovirus system as described previously (Wang et al., 1990; Akiyama et al., 1992; Savoysky et al., 1992) . Further phosphorylated recombinant Rb protein was puri®ed as described above from Sf9 cell pellets co-infected by baculoviruses encoding human Rb protein, human cdk2, and human cyclin E.
Immunoanity puri®cation of human Rb protein from Raji cells
Nuclear fraction of Raji cells, a Burkitt lymphoma cell line, was prepared in 50 mM Tris-HCl, pH 7.5 containing 0.1 M NaCl, 0.125 mM PMSF, and 1.5 mg/ml of leupeptin and clari®ed by centrifugation at 7000 g for 10 min. The supernatant was diluted with the lysis buer (100 mM TrisHCl, pH 8.0 containing 2 mM dithiothreitol, 10% glycerol, 10 mM sodium bisul®te, 1 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, 10 mM benzamidine, 2 mg/ml of leupeptin, 0.1% NP-40, and 1% Triton X-100), and applied to the anti-Rb protein antibody (3H9) immunoanity column. Rb protein was eluted by the same methods as described for the recombinant Rb protein (Savoysky et al., 1992) .
DNA polymerases and primase assays
Pol a or Klenow fragment of E. coli DNA polymerase I were assayed (Yoshida et al., 1974) in 25 ml of reaction mixture containing 80 mM Tris-HCl, pH 7.5, 8 mM 2-mercaptoethanol, 200 mg/ml of activated calf thymus DNA, 80 mM each of dATP, dGTP, and dCTP, 40 mM [ 3 H]dTTP (18.5 kBq), 8 mM MgCl 2 and 2.5 mg of BSA. After incubation at 378C for appropriate times, acidinsoluble radioactivity was measured as described previously (Yoshida et al., 1974) .
The product analysis was performed as previously described with several modi®cations. The reaction mixture (25 ml) contained 1.22 mg of M13mp18 DNA hybridized with 16.7 ng of universal primer (15-mer, Takara), which was labeled in advance at its 5'-terminus with [g-32 P]ATP, 40 mM Tris-HCl, pH 7.5, 4 mM MgCl 2 , 2 mM dithiothreitol, 80 mM each of dGTP, dCTP, dTTP and dATP, 0.2 units of immunoanity puri®ed calf thymus pol a, and indicated amounts of puri®ed recombinant Rb protein.
Incubation was carried out at 378C and 5 ml aliquots were withdrawn at 60 min, and mixed with 1 ml of loading buer containing 98% deionized formamide, 10 mM EDTA, pH 8.0, 0.025% xylene cyanol FF and 0.025% bromophenol blue. The sample was then incubated at 1008C for 10 min and cooled immediately in ice water. DNA was then electrophoresed on a sequencing gel of 8% polyacrylamide in 8 M urea at 1 500 V for 2.5 h and the gel was exposed to X-ray ®lm for 1 day at 7808C. Quanti®cation of intensities of radioactive polymerization products was performed using Master Scan (CSP Inc.) and NIH image.
DNA primase associated with pol a was assayed (Simbulan et al., 1994) in 50 mM Tris-HCl, pH 7.5 containing 2 mM dithiothreitol, 16 mg/ml of poly(dC), 400 mM [a-32 P]GTP (74 kBq) and 5 mM MgCl 2 . After incubation at 378C for 30 min, reaction was stopped by adding 0.2 M sodium acetate followed by ethanol precipitation. Product RNA, visualized by 12% polyacrylamide gel electrophoresis followed by autoradiography, was cut o from the gel and its radioactivity was measured by liquid scintillation counter.
Measurement of stimulatory activity of Rb protein on DNA polymerases and primase Rb protein solution (2.5 ml) were mixed with equal volume of enzyme solution and the mixture was incubated on ice for 20 min. The reaction mixture was added in total volume of 25 ml, and the enzyme activity was measured as described.
Trypsin digestion of Rb protein
Recombinant Rb protein (14 ng) was treated with trypsin (25 ng) at 378C for a time indicated and then trypsin was inactivated at 808C for 10 min (Yoshida et al., 1989) . Calf thymus pol a was then added and activity was measured as described.
Immunoprecipitation with anti-Rb protein antibody
Anti-Rb protein monoclonal antibody (3H9) or control IgG (anti-simian virus 40 large T antigen monoclonal antibody, PAb419) were conjugated with CNBr-activated Sepharose 4B (Pharmacia). Puri®ed recombinant Rb protein (14 mg) was incubated with antibody-conjugated Sepharose beads on ice for 30 min and centrifuged at 15 000 g for 15 min. Aliquotes (2.5 ml) of the supernatant Phosphorylated pRb stimulates DNA polymerase a M Takemura et al were then assayed for stimulatory activity on calf thymus pol a.
Immunoprecipitation of pol a-Rb protein complex with anti-pol a antibody from Raji cell nuclear extract Nuclear fraction of Raji cells was prepared in 50 mM TrisHCl, pH 7.5 containing 0.1 M NaCl, 0.125 mM PMSF and 1.5 mg/ml of leupeptin and was centrifuged at 7000 g for 10 min. After antibody-conjugated or non-conjugated Sepharose (100 ml) was added to 1 ml of extract, the mixture was incubated at 48C for 2 h and centrifuged at 2000 g for 5 min. Sepharose was washed three times with 50 mM Tris-HCl, pH 7.5 containing 0.1 M NaCl. Adsorbed protein was analysed by 7.5% SDS ± PAGE (Laemmli, 1970) followed by immunodetection using anti-Rb protein monoclonal antibody (3H9).
Rb protein anity column chromatography
Puri®ed recombinant Rb protein (210 mg) was conjugated with 300 ml of CNBr-activated Sepharose 4B and was packed to a column (column size 300 ml), then equilibrated with buer B (50 mM Tris-HCl, pH 7.5 containing 2 mM 2-mercaptoethanol and 25 mM KCl). Puri®ed calf thymus pol a (15 mg) containing 1 mg/ml of BSA was applied to the column. After washing with excess amount of buer B, the adsorbed protein was eluted with the buer B containing 0.4 and 1.0 M KCl and pol a activity in the eluted fractions was measured as described.
Pol a anity column chromatography
Puri®cation of calf thymus pol a was done except for the ®nal elution step from antibody-Sepharose column (Tamai et al., 1988; Simbulan et al., 1993) . Before the ®nal elution, the column was equilibrated with base buer and puri®ed recombinant Rb protein (700 ng) containing 2 mg/ml of BSA was applied onto the column. As a control, Rb protein was also applied onto the column to which pol a was not adsorbed. After the washing the column with excess amount of base buer, the pol a conjugated with column was eluted with 3.2 M MgCl 2 as previously described (Tamai et al., 1988; Simbulan et al., 1993) . Eluted fractions were subjected to 7.5% SDS ± PAGE (Laemmli, 1970) followed by immunodetection using anti-Rb protein monoclonal antibody (3H9) and assayed pol a activity as described.
Dephosphorylation of Rb protein by PP2A
PP2A was puri®ed from rabbit skeletal muscle essentially by the methods of Tung et al. (1984) using Q Sepharose HP (Pharmacia), PhenylSepharose HP (Pharmacia), Sephacryl S-200 HR (Pharmacia), and Mono Q (Pharmacia). Recombinant Rb protein (35 ng) was mixed with PP2A (5.8 mg), which had been preincubated with or without okadaic acid on ice for 10 min, and incubated at 308C for a time indicated in 70 mM Tris-HCl, pH 7.5 containing 0.25 mM dithiothreitol, 0.15 mM EDTA, 2 mM EGTA, 60 mM NaCl, 40 mM KCl, 0.02 mM benzamidine, 8% glycerol and 0.05% Nonidet P-40 in a total volume of 3.5 ml. Calf thymus pol a (2.5 ml) was then added, stimulatory activity was measured as described previously in a total volume of 30 ml.
Dephosphorylation of pol a by PP2A
Calf thymus pol a (0.25 mg, corresponds to ®ve units) was mixed with puri®ed rabbit PP2A (4.2 mg) and incubated at 308C for 2 h in 50 mM Tris-HCl, pH 7.4 containing 0.25 mM dithiothreitol, 2 mM EGTA, 40 mM KCl, 20% glycerol, and 1 mg/ml of BSA in a total volume of 20 ml. PP2A-treated or non-treated Rb protein (17.5 ng) was then added pol a and the stimulatory activity was measured as described.
Quantitation of Rb protein
The protein content of puri®ed Rb protein was estimated by SDS ± PAGE band visualized by Coomassie Brilliant Blue staining, with BSA as a standard.
